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INTBODUCnON. 

ThLs report was prepared for the National Advisory Committee for Aeronautics, and is a 
discussion of the results of tests "witli Zeppelin airships, in which the. propellers .were stopped 
as quickly as possible while the airship was in full flight. Some details of these te^ts are 
described in a paper by V. Soden and Dornier,^ They were continued after that publication 
and cover a series of interesting types. In this paper I intend to refer to the theory involved 
in these tests and to one scientifically interesting fact which can be derived from them and 
which has not yet been noted. 

Tlie chief general question concerning these tests is, of course: Does th(^ negative accelera- 
tion of an airship with stopped propellers supply proper data for determining the drag of the 
airship when in uniform flight i This can not absolutely be answered in the aflSrmative, the two 
phenomena not being identical in principle. We believe, however, that in this particular case 
the agreement is suflicient and that the data obtained from the test are the true or, at least, 
the approximate quantities wanted. We have several strong reasons for our opinion and wili 
proceed to discuss them. 

MOTION IN A NONVISCOTJS FLUID. 

Consider in the first place what motion of the airship is to be expected. It is generally 
believed — and the following testa confirm the belief to a certain degree — that the drag of an 
airship can be represented by an expression of the form. 

(1^ ^ Z)=Jl-Pp/2 

where ^ is a constant which has the dimension of an area and may therefore be called the area 
of drag; V is the velocity of flight; and p/2 is half the density of the surrounding air. The 
mass of the floating ship is equal to the mass of the displaced fluid and is therefore 

(2) lf=i;.p 

where v is the displacement of the ship. Hence, according to the general law of mechanics^ 
the motion after the propellers stop is determined by the equation - 

(3} -d/dt(V*vp)='A7^'pf2 

in which, however, the influence of the retardation on the drag itseU is not yet taken into 
consideration. By integrating (3) two times we obtain successively 

where c^, c,, and are three constants of integration determinable by the initial conditions. 

i V. Soden and DomieTj Mltteilaiicea des LuftschUTtMa ZeppcUn ia Friedilclishafen, Die Bestlnummg des Bcfalffswidentandes duEch dea 
Jfabitrersuch, Ze&tsohrUt £Qr Flo^ and HotofU 1911. 
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We chose tlie situation of x = 0 and the oiigin of time f«=0 so that Cj and e, are zero and c, is 
the unity of time; and we have then 

m rr (2v/A) _ 

t 

(7*) . X , , 

{2v/A) has the dimension of a iengtli, characteristic of the motion of the sliip. In this 
paper we will call it the characteristic length*' of the ship and denote it a, 

(8) = {2v(A) (Definition) . 

Then we obtain 

(6) V=8lt 

(7) X=^8logL ' 

At any moment the ship moves with a velocity such ixs would be necessary to cover llu^ 
constant length s in the time elapsed from a constant origin of time. 

We proceed now to take into account the diifference between the drag in uniform fliglit 
and that in retarded flight; and shall consider, in the first place, the conditions of flight in a 
nonviscous fluid. 

In such a fluid a uniformly moving body would in general liave no dra^ at all/ When a 

solid is moving in a fluid, the latter pos- 
sesses kinetic energy proportional to the 
square of the velocity of Ihe solid, dm-^ 
sequently, when the solid is retarded, the 
fluid itself must lose kinetic energy; and 
this means that the force opposing the 
^ motion of the fluid must have an equal 
reaction on the solid. Tliis reaction is 
in such a direction as to oppose the 
change, i. e., it is a negative drag, tend- 
ing to accelerate the solid. Tliis energy 
pig,i, is given the fluid by the f(jrcc neces- 

sary to put the body into motion and 
is given back if the body is being ret-arded. Tlie effect of this kinetic energy of the fluid is the 
same as if the body had a constant increment of mass, additional to its own mass. Tlio force 
in question is perfectly taken into account if the displacement v in (8) is increased by a corre- 
sponding increment of volume. ^ 

There is no difficulty in calculating this increment as exactly as desired* We M'ill, how- 
ever, confine ourselves to the simplest proper assumption, believing this to be quite sufiioicnt 
for the present purpose, and for ihe conclusions we are about to make. Wc will limit our- 
selves to the case of a very long airship, so*that the influence of each end on the other is small 
and may be neglected. Moreover, we shall assume the ends to be so shaped as to bo capable 
of representation by the combination of the flow from a point source and the constant velocity 
V'. The intensity of the point source must be 

{"8) /=7^rF 

where r is the radius of the greatest section of the sliip. Let the point source be situated at the 
origin of a system of polar coordinates i?, ^. The fluid passing in unit of lime through a si>heri- 
cal segment, fi = constant, within the cone ^= constant is composed of two part«, one due to 
the constant velocity F, and the other to the point source. The first part is (Ji sin ^)'ir. V 

and the second part is ^ (1-cos <f>) .t^t . V. If the edge of the spherical segment coincides 

* Compare Report No. 114. 
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with the surface of the airship in question, the eatire fluid passing, that is to say, the. sum 
of these two expressions is equal to the intensity of the source xT., whence we obtain the 
equation of the airship body. 

(9) r»rr=: (fl sin ^)'irF+^ (1-cos ipii^xV 
or, transformed, 

(10) . 

As was to be expected, the shape is independent of the velocity. 

Now we proceed to calculate the kinetic energy of the fluid outside the airship body, as- 
suming the airship moving in air at rest. The motion of the air is entirely represented by the 
point source. At the distance B the velocity is ^ 

and the potential is 

Through a spherical zone between the two cones = and ^ «= + dip, with the area 2 jPr sin (Pidtp^^ 
the fluid passmg in unit of time is d^= ^ r*x V sin <Pidipi. 

The space integral of the Idnetic energy can easily be transformed into a surface integral.* 
Twice the kinetic energy can be represented by the integral 

(11) 2r-p//^^ 

which is to be performed over the surface of the body. Substituting in (11) the expressions 
<E> and ^ before mentioned, and replacing R by the right side of (10), it appears that 

The integrant in (12) can be transformed into 4 ^^s^ ^^ d^ the iutegral of which is 
I sin' 9/2. Hence 

(13) 2r=gr»rTV 

Each end of the airship gives rise to the same kinetic energy, so that 2 T is the total 
energy- This equals one-fourth of the energy which a sphere of the fluid would have if mov- 
ing with velocity F, whose radius is the radius of the largest cross section of the airship. This 
gives us the apparent increment of mass of the airship, and is equivalent to about 2^% of 
the entire volume. 

The error due to our two assumptions with respect to the shape of the ship and to its length 
is not great. The share of a particle of the fluid in contributing to the enei^ decreases as 
the third power of R, and is small to the same degree that R is great when compared with J^r, the 
distance of the point source from the head of the ship. Nor do we believe that the influence 
of the shape of the ship is great. In any case, the increment of the mass is so small when com- 
pared with the entire mass of the ship that it little matters whether the error in the increment 
is a little smaller or greater. It is only the order of magnitude of the increment that we 
intended to calculate. 

* — - — . . * „ 

1 See Lamb. HydrodjrDami^t sactioa 61. 
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The exact calculation of tke increment for several forms, however, would be useful too. 
It could be based with advantage on a valuable paper of Puhrmann* on a similar theme. The 
integration could be performed graphically, 

MOTION IN A VISCOUS FLUID, 

The preceding calculation shows the increment of mass to be about 2^ per cent of the 
mass of the ship. Accordingly, the force on the ship due to the retardation of the surround- 
ing flow is only 2i per cent of the drag due to the viscosity of the air. ' Hence also the cliaiige 
in the distribution of pressure is small. If the fluid motion near the surface is stable, we can 
not expect it to be affected by so small a change in the distribution of pressure. The tests 
on airships show that ^dthin certain limits the drag is proportional to the square of velocity. 
This points to stability of flow for these particular sldps. In this case we do not even expect 
a small change of the flow and of the drag. 

The quantity deduced above is, so to speak, the influence of the motion in frictionlcss air 
on the friction. In reality the matter is more complicated. The ship leaVos bchuid it a stream 
of air, following with a velocity less than the velocity of flight; this may be called the "wake/' 

It is possible to obtain a certain notion of the magnitude of the affects. Generally the 
velocity of the air in the. wake can not surpass the velocity of flight. But even if it were as 
gi*eat, the air would remain in the neighborhood of the ship, there would be no space for the 
new wake to be formed, steady motion could not occur, and the phenomenon would not agree 
with the facts. Let Fbe the velocity of flight and F' the average velocity of the following 
stream of air. This air occupies a cylinder with the radius r' behind the ship. Then Lhe 
volume of this cylinder filled with air in the unit of time is r'^r(V— FO, and ii^ momentum is 

(14) Jf=r'^T{F-FOF'p 

The radius r' has a minimum if F' is * F. Let iis assume this for the present so thuti 
i V^pirr'^. If the coejfficient of drag with respect to the section vr^ is about -08; as it appears to 

be in tJhe following tests, we would obtain for the momentum given the wake .08 p| rr** 
Hence, 

.08P|.rV=iPpr'V 

and therefore, 



Tests with airship models show that the distribution of pressure agrees with the theoretical 
value about up to r'«ir at the rear end. For this reason it is probable that the mean velocity 
of the air in the wake is indeed not very different fxx>m half the velocity of flight. It would 
be interesting and important to determine it more exactly by model teste. As far as we know 
such tests have not yet been published. For the pi*escnt purpose the exactness of our assumj>- 
tion is suflicient. 

If the ship is retarded, the air in the wake, owiog to its momentum, meets air with a less 
velocity, and pushes it aside. At last the air overtakes the ship. We will calculate what 
velocity the ship has at this moment of meeting. The foUowmg air luis traveled the distance 

\\ being the velocity of tlie ship at the time fi, and being th,e instant of the meeting. Accord- 
ing to equation (7) the ship has traveled in the same time 

5l0g^^ 

* Oeorg Fuhrmaniu Tbooretlsche uxuX experimenteUe Untersuchungeii an BallonmodcUcn. JoIirbueL der Uotorluftschifl Studiongcs. 1911/1^ 
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That is, 

|T'ia,-f,)=alog|. 

Hence from equation (7) . 
or 

The solution of this equation is -^=3.5. If tke velocity has decreased to the 3.5th part of its 

value the air running after the ship overtakes it. 

This air in the wake has the same direction as the ship, and therefore its momentum would 
decrease the drag of the ship and its retardation. The test, however^ would show such an eflFect 
only if the pitot tube attached to the airship opens into air at rest, as in normal flight. In this 
case, when the air of the* wake ov^rtakes and surrounds the ship, the indicated velocity would 
cease to decrease before the velocity zero is reached. 

If, on the other hand, the pitot tube is within the moving air, the test would show a more 
or less sudden increase of retardation," the following air having perhaps a greater velocity than 
the ship itself. This retardation, however, ceases soon, or at least decreases considerably. 

We do not believe that the following air meets the ship at aU. The distance the ship covers 
between the beginning of the retardation and the meeting with the following stream of air 
would be according to equation (7) 

Xa— =« log log y =s • log 3.5. 

The tests show s to be about 11,000 feet, and log 3.5 1.25; so that the distance would be 
about 13,700 feet =» 2.5 miles. We can hardly imagine that in the greats number of tests the 
course of the ship was so exaotiy straight and the wind so uniform that after about 2 miles the 
ship has not left her path by half its diameter, i. e., by 40 feet. The stream of following air seems 
more likely to be dissolved during so long a distance. But even if it should meet the ship with 
undiminished velocity, the pitot tube would not be within it at each test. The cylinder of the 

radius ^ r when distribute around a cylinder of the radius r occupies a tube with a thickness 

of wall r (Vl*5~l] =<.22 or about 8 feet. The distance between the tube and the ship was 
in practice about 10 feet 

THE RESULTS OF THE TESTS. 

We are now prepared to consider the results of the t^ts and to examine them with respect 
to the possibilities mentioned. Each of the curves represents a single test. 1/7 is plotted 
against the time. According to equation (6) the tangent of the angle between the direction 
of the curve and the vertical ctxis of coordinates is the characteristic length of the ship. If the 
drag is proportional to the square of the velocity this length s is constant and the curve is 
a straight line. If the plotted points are Ijiog on a uniformly curved line, the coefl5.cient of 
drag changes continuously; if the curve has a sudden break, the coefficient changes discontinu- 
ously and suddenly from one value to another. On the right hand of each diagram a scale for 
the velocity in mi/h. is added. 

jL. Z. 10 is one of the oldest ships. Its velocity was only 19 m(sec. (4^^ mifh) All points 
lie as exactly on a straight line as can be expected. The same can be said of the test with L 43. 
L59is the only ship the test with which gave a slightly curved line. The cofiGlcient of drag was 
not constant during the test as with tlie two first-mentioned ships, but slowly increased as the 
velocity decreased. 



• Jaray, in the paper ''Studien mr Entwlddong der LoftfialuzeugV la ZeLtschr. f. TL a. HotorL gives 21 m/s; we agree vltb V. Soden and 
Dornier In the abora-iZLKLUoiied papecs. In tbe mentfoned paper same oUier details of thesiblps can be found. 
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The remaining ships, six different ones, the tests of which were made at different times and 
independent of each other, show a very remarkable result. The points lie on two different 
straight lines, which cut each other at a definite angle. Look, for instance, at the curve of L 44. 
The first and the last points are somewhat irregular; and we tlunk that at the first point the en- 
gines were not yet completely stopped and at the last point the dynamical pressure was too small 
to be obtained correcdy. The other points coincide with tlie two straight linos mentioned; 
the first line is given by 7 points and the second by 4 points. We think that the genuineness of 
the broken line obtained with six ships out of nine can not be doubted. It is not improbable even 
that LZ 10 also would have given a broken line if the test could have been begun at a lughcr 
velocity. We do not know whether L 43 and L 50 also have discontinuities outside the range of 
the test. 

The curves show that the velocity decreases steadily at the end of each test, and that the 
retardation, but for one sudden discontinuity, is very regular and in accordance with equation 
(6). Neither does the velocity become constant at a definite value, nor can we find an increase 
of the retardation followed by a decrease. We are unable to find any indication of tlic follow- 
ing stream of air njeeting the ship. We have but one explanation for the result of the test. 
The retarding ship suddenly changes its coefficient of drag, it being increased. Nor is this in 
disagreement with other experiments of aerodynamics. On the contrary, there is scarcely any 
body, if there is at all, the motion of the fluid around jvhich or within which docs not suddenly 
and discontinuously change under some particular conditions. We state that tlie airships 
investigated are no exceptions to this rule, but that such a discontinuity happens and the 
coefficient of drag suddenly changes if the ships are retarding and their velocity is 70 to 80 mi/h. 

The reason is the same as in other cases, a sudden change of the motion of air, wliich has 
become unstable. It is not quite certain whether this change would also happen if the ships 
woidd be accelerated or if they were in uniform flight. Wo believe this change would occur 
either at the same velocity or at a velocity in the neighborhood. 

Our opinion is supported by the particular values of the characteristic lengtlis obtained. 
These values are such that only the first ones, those obtained at the higher velocity, agree with 
the magnitude of the absorbed power of the ship. 

According to the definition (8) A = 2v/8j where t?,"the displacement of tlie ship is properly 
to be increased by ir/3 r*, according to equation (13) . This improvement is not very considerable. 
Tiiis area of drag A still contains the area of drag of the propellers, wliich we estimate to be 0.5 
square feet per engine. After subtracting a corresponding value, we obtain an improved area 
of drag of the ship which may also be denoted by A, The required power then is 

(15) p = A^q^V'V 

where g is the dynamical pressure and ij the efficiency of the propellers. The efficiency can be 
calculated by using this equation and its value is put into the table for the two characteristic 
lengths obtained in the columns headed i/j and i?^. 

The density of air was assumed to be that of sea level under moan conditions. It was not so, 
of course, the ship actually flying at some height. The publication of Soden and Dornicr hints 
at a height of about 1^450 feet. But the power of the engines decreases as much as the density, 
and the result of the calculation remains xmaltered. Only the last ship, i 70, is in exception, the 
engines of which are aupercompressed. For this ship we assumed a height of flight of about 
2,600 feet and put into a table a correspondingly increased value of the horsepower. 

The values obtained for the efficiency, however, are rather uncertain. In (15) V occurs 
in the third power, the dynamical pressure j containing^ the square of I*'. Small difTcrenccs of 
the velocity therefore considerably change the result, and the velocity .of the ships is by no 
means very exactly known. 

We think, however, that the values obtained from s^, i. e., from the characteiustic length 
at higher velocity, give better values. With the ships LS6, L44t I^^^t and there are 
greater differences of the two lengths. In aU these cases the efficiency obtained from the 
smaller characteristic length is too high. 
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The chief part of the theoretical loss of a piopdier is * 



Vl +Cp -1, 



where T denotes the thrust, N the required power, D the diameter, g the djaamical pressure, 
and n the efficiency. For one propeller of L67, for instance, we woidd obtain 

5 50 • .69 

- 64.5 mi/hr. 1.47* 



'^"76 sq. ft. 



240 hp 
64.5» (nri/h)» 



'1.77; 



The loss as calculated from »i is 1 — 0.69 =^31%, which is in excess of the theoretical loss. The 
remaining loss of 14 per cent is well explained by the limited number of blades, by the rotation 
of the propeUer stream, by the drag of the blades, and by the friction of the gear. The effi- 
ciency due to the second length is so high that it does not even account for the theoretical 
loss. The other ships give a similar result. 

It is also possible to estimate ±he effective area of wing of the cars, struts, ropes, and, 
last but not least, radiators. This drag was considerably higher with the older ships than 
with the newer ones. In spite of it we assmned a drag of 6.5 square feet per engine, and sub- 
tracted this amoimt from the area of drag. The remainder stili contains a part of these resist- 
ances with the older ships. The percentage, however, is not high. The area of the drag of 
the airship body, so obtained, is divided by the two-thirds power of the deplacement. An 
absolute coefficient for the drag of the airship body results. It is put into the last column 
of the table. 

The coefficients obtained look reasonable. The first ship, LtO, has a very old-fashioned 
shape and accordingly a high drag. The next three ships, LSS, LSS, and I4S, are similar 
and also belong together with respect to their coeiEcients. Their coefficients differ indeed, 
but their mean, .028, forms a distinct difference from the other ships. The next two ships, 
144 146, are similar to L70. They aU have the same coefficient, .020. LB7 and L69 
have a more slender form, they are longer, and accordingly their coefficient is somewhat h%:her. 
This fact indicates also that the skin friction is an essential part of the drag. The value of 
8 obtained for LSS seems less reasonable than the values' obtained for the other ships. 

TABLE OF TESTS. 



No. of 
airslilp. 



Displace- 
ment. 



Dlamr 
eter. 



Xncre- 



Langtii. 



[Dlscoa- 



Nnm- 
berof 
engines. 



I Kaxi- 
liorse-! mum 
power. Teioc- 
Ity. 



10 
76 
82 

g2 

102 
104 

m 



L ZIO... 

L 36... 
L 43... 
L U.,. 
L 

L 57... 
L 

L 70... 



700,000 

a,iw,ooo 

^140,000 
2,ilO,000 
21,140,000 
2,140,000 
2,640,000 
2,640,000 
2,400,000 



Fed. 
4&9 
78.S 
78.3 

78.3 
78.3 
78.3 
7S.3 
7&3 



12,600 
^800 
63,S0ff 
•62,800 
^800 
62,900 

■62,soa 

62,800 
62,800 



Fea. 
460 
645 
645 
645 
645 
646 
745 
745 
694 



Feet. 
2,460 

g8oa 

7;900 
7,000 
10,900 
11,100 
11,300 
11,800 
10,800 



Feet. ] mVk. 

3,460 , 

9,340 21 
4,240 22 

^900 _ 

T^SOO ' 26 



&560 
9,720 
7,580 
9,160 



25 
29 



450 
1,440 
1,440 
1,200 
1,200 
1,200 
1,200 
1,200 
2,000 



63.0 
63.0 
6a6 
04.0 
§5.0 
64.6 
64.4 

TT.a 



m 

519 
525 

m 

364 
445 
425 



53 
120 



80 
77 
81 
105 
78 



0.069 
.0^ 
.029 
.030 
.02Q 
.028 
.023 

,m 

.020 



CONCLUSION. 

These are special results, and the tests show also one general result. If the drag coefficient 
changes considerably during the tests, it is almost sure that it would change on enlarging a 
model to its hundredfold linear dimension or to the aullionfold volume. Under these cii> 
cumstances it is qtdte useless to make model tests for the determination of the drag of par- 
ticular airships, if in some way the effect of the change of scale can not be eliminated. It 



■See Report No. 114. 
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may be that in particular cases the coefl5cient obtained by the model test happens to agree with 
the full-sized coefficient; but that proves nothing. Different motions of the air may produce 
the same coefficient of drag. In consequence of the scale effect, it never is certain that one 
airship form is better than another^ if the corresponding model gives a smaller drag at a 
Heynolds number lOO times as small. 
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